Abstract: Natural catchments are likely to show the existence of knickpoints in their river networks. The origin and genesis of the knickpoints can be manifold, considering that the present morphology is the result of the interactions of different factors such as tectonic movements, quaternary glaciations, river captures, variable lithology, and base-level changes. We analyzed the longitudinal profiles of the river channels in the Stura di Demonte Valley (Maritime Alps) to identify the knickpoints of such an alpine setting and to characterize their origins. The distribution and the geometry of stream profiles were used to identify the possible causes of the changes in stream gradients and to define zones with genetically linked knickpoints. Knickpoints are key geomorphological features for reconstructing the evolution of fluvial dissected basins, when the different perturbing factors affecting the ideally graded fluvial system have been detected. This study shows that even in a regionally small area, perturbations of river profiles are caused by multiple factors. Thus, attributing (automatically)-extracted knickpoints solely to one factor, can potentially lead to incomplete interpretations of catchment evolution.
Introduction
Drainage networks have the potential to record the effects of surface processes influenced by tectonic growth of relief, lithology, climate and erosion [1] [2] [3] [4] [5] . The longitudinal river profiles of both alluvial and bedrock channels develop a shape that is optimized for sediment transport and bedrock erosion [6] [7] [8] [9] . A stream with an adjusted gradient is defined as a graded stream. The longitudinal profile of an ideal graded stream shows a concave-up shape with a steeper slope upstream giving way to a gentle slope in the downstream direction. New environmental conditions (climatic change, tectonic uplift, base level drop, etc.) may perturb the graded stream and cause a knickpoint in the longitudinal river profile, i.e., a steeper reach of the stream with respect to the adjoining up-and downstream reaches. One knickpoint then divides the stream profiles into two segments with different gradients. Knickpoints mostly indicate the position of the upstream-moving erosional front separating relict landscapes that still record the former base-level from a rejuvenated setting, currently adapting to a newly established base-level. In contrast, some knickpoints show a very limited upstream movement in time so to be considered stationary (e.g., structurally-or lithologically-induced knickpoints).
The different origins of knickpoints can be related to factors such as tectonics, lithology, base-level falls, glacial activity, increased or decreased river discharge by confluences or landslide dams [1, [10] [11] [12] [13] . These factors are not exclusive and can superpose their effects, so as to result in a complex interpretation of the genesis of the knickpoints. Several authors [1, 4, [14] [15] [16] have found multiple causality within the [1, [10] [11] [12] [13] . These factors are not exclusive and can superpose their effects, so as to result in a complex interpretation of the genesis of the knickpoints. Several authors [1, 4, [14] [15] [16] have found multiple causality within the same drainage system, pointing out the complexity of this issue. Furthermore, a distinction should be made between knickpoints caused by regional factors and those determined by local perturbation agents. While the former usually inherit information on tectonic uplift or climatic changes, the latter may be related to local fluvial captures, lithological control, and landslides. The detection, dynamics, and influence of the knickpoints in landscape evolution have been investigated in recent studies [17] [18] [19] [20] [21] , which emphasize that mono-causal knickpoints in river networks are generally well understood, but that in the majority of natural catchments multi-causal knickzone systems are possible.
The aim of this study is to identify the prevailing processes active in generating knickpoints in such a natural, alpine basin, which is affected by tectonic uplift and Pleistocene glaciation and is sensitive to base-level changes at the transition between mountain front and foreland. We chose the Stura River basin (Figure 1 ) because its morphology was shaped by tectonics, Quaternary glacial phases, variable lithology, and base-level falls created by river captures. Insights into drainage system and related landforms were provided by recent geomorphological studies on different sectors of the Stura Valley [22] [23] [24] [25] [26] , and of the Italian and French sides of the Argentera Massif [27] [28] [29] [30] [31] [32] [33] . However, a robust basin-scale analysis of the existence and distribution of knickpoints, together with studies on their genesis, is still lacking.
The knickpoints were identified both on the main channel of the Stura basin and of its tributaries, and their geometry and distribution were examined to test potential relationships with lithology, morphology, and known tectonic structures. Location of the Stura basin in the Maritime Alps (southern Western Alps). A simplified bedrock geology and the main tectonic structures are reported in the inset (re-drawn and summarized after [30] ). Location of the Stura basin in the Maritime Alps (southern Western Alps). A simplified bedrock geology and the main tectonic structures are reported in the inset (re-drawn and summarized after [30] ).
The knickpoints were identified both on the main channel of the Stura basin and of its tributaries, and their geometry and distribution were examined to test potential relationships with lithology, morphology, and known tectonic structures. 
Regional Setting
The Stura basin is located in the Maritime Alps, which are part of the southern Western Alps (Figure 1 ). It has an extension of 590 km 2 and its altitude ranges from about 3000 m at the watershed divide to 580 m a.s.l., where the Stura di Demonte flows into the Cuneo Plain. The Stura di Demonte river originates from Colle della Maddalena (1996 m a.s.l) and runs for a hundred kilometers up to its confluence with the Tanaro river. From the French border to the village of Pianche, Stura di Demonte flows from NW to SE parallel to the major tectonic boundary and to the long axis of the Argentera massif (NW-SE), showing the characteristics of an intra-orogenic drainage system [29] . Downstream of the Pianche village, the river flows perpendicular to some important geological structures, which expose both metamorphic rocks of the Argentera Massif and its sedimentary cover (Figures 1 and 2 ).
sedimentary cover and by Mesozoic and Cenozoic series, which were emplaced onto the basement along Triassic evaporites. While the Permian sedimentary cover is made up of quarzites and quarzitic sandstone, the Mesozoic and Cenozoic sequences are mainly composed of calcareo-dolomitic formations and sandstone flysch (Figure 2) .
The main tectonic lineaments in the basement are associated with the NW trending BersezioColle della Lombarda fault system and the WNW trending Fremamorta-Colle del Sabbione Line in the Gesso basin [31, 36, 37] (Figures 1 and 2 ). Both correspond to late Variscan shear zones reactivated during the Alpine collision [30, 38] . While the Bersezio-Colle della Lombarda fault system shows a right-lateral component [39] , the Fremamorta-Colle del Sabbione Line is dominated by reverse shearing [30] . During Upper Miocene-Pliocene an important thrusting occurred along the Fremamorta-Colle del Sabbione Line, leading the NE portion of the Argentera to be thrust towards the SW onto the rest of the basement. The dextral Bersezio-Colle della Lombarda fault system acted as a right lateral ramp (transpressive transcurrent fault) during this time [37] . All these tectonic structures accommodated the NW-SE crustal shortening, building a pop-up structure [39, 40] .
On the basis of apatite fission track analysis, Bigot-Cormier et al. [41] argued for differential vertical motions of blocks within the Argentera Massif. Musumeci et al. [29] suggested, on the basis of geomorphic and structural data, that Pliocene to recent active tectonics had led to a higher degree of uplift in the central-southern section with respect to the other parts of the Argentera Massif. [34] ; DEM for hillshade in Italy from TINITALY/01, DEM for hillshade in France from NASA JPL., 2013; Inset Map produced using Copernicus data and information funded by the European Union-EU-DEM layers).
The southern flank of the Stura Valley is made up of high-grade metamorphic and granitoid rocks [34, 35] of the Argentera Massif. The northern side is formed by the Permian autochthonous sedimentary cover and by Mesozoic and Cenozoic series, which were emplaced onto the basement along Triassic evaporites. While the Permian sedimentary cover is made up of quarzites and quarzitic sandstone, the Mesozoic and Cenozoic sequences are mainly composed of calcareo-dolomitic formations and sandstone flysch (Figure 2) .
The main tectonic lineaments in the basement are associated with the NW trending Bersezio-Colle della Lombarda fault system and the WNW trending Fremamorta-Colle del Sabbione Line in the Gesso basin [31, 36, 37] (Figures 1 and 2 ). Both correspond to late Variscan shear zones reactivated during the Alpine collision [30, 38] . While the Bersezio-Colle della Lombarda fault system shows a right-lateral component [39] , the Fremamorta-Colle del Sabbione Line is dominated by reverse shearing [30] . During Upper Miocene-Pliocene an important thrusting occurred along the Fremamorta-Colle del Sabbione Line, leading the NE portion of the Argentera to be thrust towards the SW onto the rest of the basement. The dextral Bersezio-Colle della Lombarda fault system acted as a right lateral ramp (transpressive transcurrent fault) during this time [37] . All these tectonic structures accommodated the NW-SE crustal shortening, building a pop-up structure [39, 40] . On the basis of apatite fission track analysis, Bigot-Cormier et al. [41] argued for differential vertical motions of blocks within the Argentera Massif. Musumeci et al. [29] suggested, on the basis of geomorphic and structural data, that Pliocene to recent active tectonics had led to a higher degree of uplift in the central-southern section with respect to the other parts of the Argentera Massif.
The sedimentary cover is mainly deformed along WNW-ESE trending thrust systems with a SW vergence [34] .
The present day tectonic setting is thus mainly related to the exhumation of the Argentera Massif, which started between Late Oligocene and early Miocene, and increased at 3.5 Ma to rates of 0.8-1 mm/year [41] [42] [43] .
Recent seismic and GPS data confirmed that the studied part of the Maritime Alps is under transpressive tectonic stress, with N-S to NE-SW directed crustal shortening of 2-4 mm/year [44] [45] [46] . The tectonic activity in the south-western part of the Cuneo Plain, starting in the Middle-Upper Pleistocene and ongoing until today, must have influenced the evolution of the Stura basin, at least in the lower valley. This area of the Cuneo Plain underwent folding and faulting, which modulated the deviation of the Tanaro river [47] [48] [49] , i.e., the receiving stream of the Stura di Demonte. This led to backward incision in the entire Tanaro hydrographic network, recorded also in the lower Stura Valley by several levels of fluvial terraces [26] .
The present morphology of the catchments draining the Italian side of the Maritime Alps is mainly related to processes associated with glacial and fluvial activities. The Last Glacial Maximum (LGM) and the Late Glacial periods left the most evident landforms: U-shaped valleys, glacial deposits, moraines, glacial cirques, and scarps [22] [23] [24] [25] [50] [51] [52] [53] [54] [55] . A suite of frontal moraines indicates the glacier retreat from the lower main valley at maximum expansion to the uppermost cirques of the lateral tributaries at today's position.
The main processes of sediment transport are currently related to the fluvial system with a minor contribution of detrital supply from steep valley flanks [56] . All these processes superimpose the locally eroded and reworked glacial landforms.
Methods
The drainage network was digitized on 1:10,000 scale topographic maps and served as a quality reference for the DEM extracted river network. The two river datasets overlap and show no significant offset (>50 m) The longitudinal profiles of the main channel and of its direct tributaries had been extracted from a 10 m resolution DEM [57, 58] . They correspond mainly to rivers of the Strahler Order equal or greater than three with an average upstream area of approx. 160,000 m 2 (a square of 400 by 400 m). The first-and second-order channels have been excluded since they have minor drainage areas (approx. 10000 m 2 to 100,000 m 2 ) and are typically ephemeral or intermittent streamflows. Additionally to the channel length profile, the variation of slope along the channel (expressed as rise per m) was calculated and plotted in order to improve the identification of the knickpoints. The variation of slope along the channels was calculated by dividing the profiles into 150-m segments, extracting the difference between the elevations of the two extreme points (150 m downstream and 150 m upstream of each point), and dividing it by the segment length. Longer segments reduce the noise in the slope diagram, but still depict the knickpoints with their peaks.
The spatial distribution of knickpoints was intersected with lithological features, structures, inherited morphologies, and terraces. The structural features are the main faults reported in geological maps [34, 35, 59] and the shear zones and lineament sets are associated with fault rocks ( [30] and reference therein). The lithologies in the geological map [34] have been grouped on the basis of similar rock strength and hardness, assuming that they are similarly affected by erosion. The weakest units are the unconsolidated quaternary deposits, followed by low to medium strength Slates, Schist formations, and Argillites, and high strength Dolomitized limestones, Sandstone flysches, and Carniole formations. The very high-strength class is formed by the Basement (metamorphic and granitoid rocks) and by Quarzites. Grouping is not based on strength values obtained from laboratory tests for strength, but a qualitative measure of field tests with a hammer, inspired by the Schmidt Hammer test [60] , was applied. The potential relationship between knickpoints and base-level falls, like different levels of fluvial terraces is given in the lower part of the Stura basin. Therefore, the terraces were delineated on the basis of aerial photographs, field verifications, and digital elevation models. The longitudinal profiles of the tributaries flowing into the Stura River across terrace levels were analyzed to quantify knickpoint retreated. The morphologies inherited from the past glaciations were identified and characterized at hanging valleys in tributaries near their confluence with the trunk streams, by using digital elevation models, aerial photographic interpretation, and field reconnaissance. The correlation between these glacial landforms and the knickpoints located in the terminal part of several tributaries of the Stura di Demonte river was verified in the field. The locations of all identified knickpoints are superimposed on the map containing the lithologies, structures, and terraces. Knickpoints that are caused by one of the above-mentioned features had been classified accordingly. However, several knickpoints could not be attributed to a single cause and are classified as "undefined".
Whether knickpoints relate to a common base level fall at the valley outlet or further downstream can be tested using X-(X)-analysis. X-analysis is based on the transformation of the along-river horizontal distance measured from the outlet of a drainage basin. The transformation is predicated on the stream power incision model [61] , and uses upslope area to linearize the concave upward profile for a chosen value of the concavity index, or m/n (m and n constants in the stream power model) [62] . Following the stream power incision model, knickpoints should migrate at velocities proportional to upstream area to the power of m. Thus, if knickpoints relate to a common base level fall at the outlet or further downstream, their locations should cluster on narrow ranges of X [62] . We calculated the X-transform using TopoToolbox [63] using a m/n ratio of 0.45. We calculated frequency distributions of the entire stream network and those of the individual knickpoint classes using a Gaussian kernel with a bandwidth of 250 m. Changing the ratio did affect X-values, but had a minor influence on the frequency distribution of knickpoint X-values.
Results
Both the main channel and the tributaries of the Stura di Demonte hydrographic network show abrupt changes in the gradient of their longitudinal profiles representing single knickpoints or wider knickzones (i.e., an area of slope discontinuity similar to a knickpoint, but occurring over a greater length of a channel or of a series of smaller knickpoints). In detail, we recognized more than 90 knickpoints presenting different amplitudes, slopes and positions within the Stura drainage system. Some are relatively small steps of just a few meters, others are outright falls or convex segments ( Figure 3 ).
For half of these knickpoints the factor responsible for their origin was identified, defined in zones within the basin, and grouped in four different categories that are described below. The other half of the knickpoints could not be unambiguously interpreted, probably because of the multiple causality of their genesis (superimposed tectonic uplift, erosional contrasts, and glacial processes). Lastly, additional factors such as base-level drops should be taken into account for the explanation of knickpoint genesis, especially in the lower Stura valley. 
Knickpoints Related to Faults
The main tectonic lineament in the portion of basement incised by the Stura valley is the striking NW-SE Bersezio-Colle della Lombarda fault, a high-angle shear zone, composed by micaschists and 
The main tectonic lineament in the portion of basement incised by the Stura valley is the striking NW-SE Bersezio-Colle della Lombarda fault, a high-angle shear zone, composed by micaschists and mylonitic rocks [29, 34, 35, 37, 64, 65] . Associated with the main system is a dense set of minor faults, which causes relief and strongly drive the gravitational and erosional processes [30] .
To evaluate the influence of the tectonic on the crystalline basement of Argentera, we exclusively analyzed the longitudinal profiles of the Stura di Demonte tributaries draining the Massif.
The NW-SE trending faults belonging to the Bersezio-Colle della Lombarda system intersect several important rivers at high angles, so as to provide an ideal geometry for investigating the effects of recent tectonic activity on the rivers.
The longitudinal profiles of several streams ( Figure 4 ) that drain this area of the Stura basin show convex reaches. The spikes on the slope line highlight the abrupt gradient changes along the channels. A clear correlation between stream gradient changes and tectonic structures in the Argentera Massif is evident by the location of knickpoints along the major fault zones. This exact match of knickpoints and faults suggests an adjustment of the river profile to basement blocks characterized by different vertical displacements. mylonitic rocks [29, 34, 35, 37, 64, 65] . Associated with the main system is a dense set of minor faults, which causes relief and strongly drive the gravitational and erosional processes [30] .
The longitudinal profiles of several streams ( Figure 4 ) that drain this area of the Stura basin show convex reaches. The spikes on the slope line highlight the abrupt gradient changes along the channels. A clear correlation between stream gradient changes and tectonic structures in the Argentera Massif is evident by the location of knickpoints along the major fault zones. This exact match of knickpoints and faults suggests an adjustment of the river profile to basement blocks characterized by different vertical displacements. One further aspect we have to take into account is the lower rock strength along the fault zone. This could lead to (1) an accentuated knickpoint or (2) increase in the abrasion power of glacial erosion. It is well known that glacial erosion tends to enhance the irregularities in the longitudinal profiles of the valleys creating glacial steps, usually in correspondence to changes in rock properties One further aspect we have to take into account is the lower rock strength along the fault zone. This could lead to (1) an accentuated knickpoint or (2) increase in the abrasion power of glacial erosion. It is well known that glacial erosion tends to enhance the irregularities in the longitudinal profiles of the valleys creating glacial steps, usually in correspondence to changes in rock properties or fractures, which offer differential resistance to the ice flow [66, 67] .
The knickpoints that we identified along the faults are the result of differential vertical displacement along faults or of the reduction of rock strength in the fault zones, offering low resistance, for example, to glacial erosion. In the latter case the knickpoints would be indirectly the result of the existence of the faults, but their presence would be directly linked to the glacial abrasion.
One of the main valleys draining the Argentera Massif, e.g., the Vallone di Sant'Anna, is showing clear evidence of lineaments crossing the basin, which cause the uppermost knickpoints along the longitudinal profile ( Figure 5 ). The knickpoints that we identified along the faults are the result of differential vertical displacement along faults or of the reduction of rock strength in the fault zones, offering low resistance, for example, to glacial erosion. In the latter case the knickpoints would be indirectly the result of the existence of the faults, but their presence would be directly linked to the glacial abrasion.
One of the main valleys draining the Argentera Massif, e.g., the Vallone di Sant'Anna, is showing clear evidence of lineaments crossing the basin, which cause the uppermost knickpoints along the longitudinal profile ( Figure 5 ). Figure 5 . Prevalent tectonic control in the formation of knickpoints in the Vallone di S. Anna. The fault planes in red belong to the NW-SE trending Bersezio-Colle della Lombarda fault system, a Variscan shear zone reactivated during the Alpine tectonic (Schmidt net, lower hemisphere representation of faults and striation measured at the col di Bravaria). The knickpoint is highlighted in yellow, the river in blue, and the street in grey, and is characterized by the change in slope that can be seen in the river length profile. (Image source: Esri World imagery, credits to Source: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community).
Knickpoints Related to Lithological Contrasts
Since the lithology in the Argentera Massif is considered uniform, the influence of variability in rock resistance has been excluded as knickpoint formation factor. Weaker rock strength along fault zones is not considered a cause of knickpoints related to lithological contrasts and is to be attributed to fault-related knickpoints.
In the sedimentary cover outcropping on the northern side of the Stura basin, the different geological formations react differently to weathering and to fluvial erosion, leading to the development of knickpoints or knickzones. Lithology can explain some of the slope variations in Figure 5 . Prevalent tectonic control in the formation of knickpoints in the Vallone di S. Anna. The fault planes in red belong to the NW-SE trending Bersezio-Colle della Lombarda fault system, a Variscan shear zone reactivated during the Alpine tectonic (Schmidt net, lower hemisphere representation of faults and striation measured at the col di Bravaria). The knickpoint is highlighted in yellow, the river in blue, and the street in grey, and is characterized by the change in slope that can be seen in the river length profile. (Image source: Esri World imagery, credits to Source: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community).
In the sedimentary cover outcropping on the northern side of the Stura basin, the different geological formations react differently to weathering and to fluvial erosion, leading to the development of knickpoints or knickzones. Lithology can explain some of the slope variations in those tributaries that flow on the sedimentary cover of the Stura Valley, especially in the upper river tributaries. We recognized a clear lithological influence on the longitudinal profiles of the streams in two regions.
The first area is located in the upper valley, on the northern flank of the basin (Figure 6 ) developed on the Mesozoic and Cenozoic series of the autochthonous sedimentary cover of the Argentera Massif. These sequences are mainly composed of locally or extensively dolomitized limestone with variable amounts of arenaceous material. In the southern side of the high-medium valley, the knickpoints are frequently located along the limestone formation, which offers a greater resistance to erosion with respect to the adjacent lithologies (Geology: redrawn and summarized after [35] ; DEM for hillshade from [58, 59] .
The outcrops with limestone and dolomitic rock-types present a greater resistance to erosion compared to the overlying sandstone flysch and slate formation, giving rise to a spectacular cliff in this area of the basin (Figure 7) . The elongation axis of the tributary basins crossing the cliff developed in a NNW-SSE direction, while the lithological contact is oriented according to a main direction of 110-120 N The streams cross the lithological contacts almost perpendicularly and the knickpoints are aligned along the limestone-dolomitic outcrop ( Figure 6 ).
The second area, where a strong lithological control is eminent, resides on the northern flank of Vallone dell'Arma, the major tributary basin of the Stura di Demonte. The considered tributary streams flow into the Cant River after crossing the same lithological contacts. The northern flank of the Vallone dell'Arma developed in the Mesozoic sequence of the Briançonnaise zone. The Briançonnaise quartzose schists in the upper portion of the NNE flank are thrusted onto the Giurassic limestone, which forms the external part of a reversed SW-vergent anticline. The NNE flank cuts the top portion of the anticline incising the quarzites at the anticline hinge [34] The knickpoints in this portion of the valley develop frequently on this lithotype ( Figure 8 ). As in the former example, the lithologic contacts follow the direction of the main tectonic lineaments (110 N), while the northern tributaries of the Cant River flow from NNW to SSE crossing the contacts almost perpendicularly (Figure 8 ). In the southern side of the high-medium valley, the knickpoints are frequently located along the limestone formation, which offers a greater resistance to erosion with respect to the adjacent lithologies (Geology: redrawn and summarized after [35] ; DEM for hillshade from [58, 59] .
The second area, where a strong lithological control is eminent, resides on the northern flank of Vallone dell'Arma, the major tributary basin of the Stura di Demonte. The considered tributary streams flow into the Cant River after crossing the same lithological contacts. The northern flank of the Vallone dell'Arma developed in the Mesozoic sequence of the Briançonnaise zone. The Briançonnaise quartzose schists in the upper portion of the NNE flank are thrusted onto the Giurassic limestone, which forms the external part of a reversed SW-vergent anticline. The NNE flank cuts the top portion of the anticline incising the quarzites at the anticline hinge [34] The knickpoints in this portion of the valley develop frequently on this lithotype ( Figure 8) . As in the former example, the lithologic contacts follow the direction of the main tectonic lineaments (110 N), while the northern tributaries of the Cant River flow from NNW to SSE crossing the contacts almost perpendicularly (Figure 8 ). The knickpoints in the low-medium Stura valley are mainly developed on the quarzites (Geology: redrawn and summarized after [35] ; DEM for hillshade in Italy from [57, 58] .
Knickpoints Related to Base-Level Change
In the lower Stura valley knickpoints were recognized in the main channel and in the several tributaries of Stura di Demonte (Figure 9 ). The knickpoints in the low-medium Stura valley are mainly developed on the quarzites (Geology: redrawn and summarized after [35] ; DEM for hillshade in Italy from [57, 58] .
In the lower Stura valley knickpoints were recognized in the main channel and in the several tributaries of Stura di Demonte (Figure 9 ). . The lower Stura Valley, just before the transition to the Cuneo plain, is marked by up to 5 terrace levels. The Stura di Demonte tributaries form knickpoints when crossing the edge of the terraces (DEM for hillshade from [57, 58] ; faults from [34] .
The lower Stura valley is characterized by five levels of fluvial terraces. We interpret the lower ones as possibly related to base-level drop and to the subsequent regressive erosion caused after Tanaro river deviation. The hypothesis is based on i) their divergent trends, typical in the backward erosion controlled by local base-level variations [68] , and ii) because the initiation of the backward erosion occurs after the capture of the Tanaro River [26] , which took place during or shortly after the last glacial period [48, 49, 69] .
In the low Stura di Demonte valley the knickpoints located in the small tributary basins are coincident or only a little up-stream of the escarpment of fluvial terraces formed by incision in the main valley. In the larger tributary catchments, especially on the northern flank of the Stura basin, these knickpoints are located further upward ( Figure 9 ). Assuming that these knickpoints have a similar genesis, the rate of their upstream migration is modulated by the size of the catchment, as several field and experimental studies have emphasized [4, 13, 20, [70] [71] [72] .This relation is reflected by the "stream power law", which links river incision and stream power, where stream power relates to discharge [8, 17, [73] [74] [75] [76] [77] . However, discharge data are lacking for the tributary basins and this hypothesis, although feasible, should be tested.
Another important factor affecting the spatial location of knickpoints within the river profile is the time necessary for the basin for its readjustment. By assuming an upstream knickpoint migration, the tributaries joining the trunk river further downstream have more time to readjust their profiles than the tributaries up-valley. The longitudinal profiles from small tributary basins show knickpoints closer to their confluence in the trunk stream than the larger ones ( Figure 10 ).
Since the number of basins taken into account is low and the lithology on which they are developed is various, a clear linear relation between knickpoint positions in the basin was not evidenced, but the propagation of knickpoints correlates to the stream power. In the right tributary basins, the stream power is low; in fact, the basins have a seasonal discharge because of their limited areal dimensions and a restricted potential to readjust their longitudinal profiles. Conversely, the northern tributary basins have higher stream power and higher discharge. Figures 1, 2, and 9 allow the catchment size differences to be appreciated between right and left tributaries of the lower Stura valley. Figure 9 . The lower Stura Valley, just before the transition to the Cuneo plain, is marked by up to 5 terrace levels. The Stura di Demonte tributaries form knickpoints when crossing the edge of the terraces (DEM for hillshade from [57, 58] ; faults from [34] .
The lower Stura valley is characterized by five levels of fluvial terraces. We interpret the lower ones as possibly related to base-level drop and to the subsequent regressive erosion caused after Tanaro river deviation. The hypothesis is based on (i) their divergent trends, typical in the backward erosion controlled by local base-level variations [68] , and (ii) because the initiation of the backward erosion occurs after the capture of the Tanaro River [26] , which took place during or shortly after the last glacial period [48, 49, 69] .
Another important factor affecting the spatial location of knickpoints within the river profile is the time necessary for the basin for its readjustment. By assuming an upstream knickpoint migration, the tributaries joining the trunk river further downstream have more time to readjust their profiles than the tributaries up-valley. The longitudinal profiles from small tributary basins show knickpoints closer to their confluence in the trunk stream than the larger ones (Figure 10 ).
Since the number of basins taken into account is low and the lithology on which they are developed is various, a clear linear relation between knickpoint positions in the basin was not evidenced, but the propagation of knickpoints correlates to the stream power. In the right tributary basins, the stream power is low; in fact, the basins have a seasonal discharge because of their limited areal dimensions and a restricted potential to readjust their longitudinal profiles. Conversely, the northern tributary basins have higher stream power and higher discharge. Figures 1, 2 and 9 allow the catchment size differences to be appreciated between right and left tributaries of the lower Stura valley. 
Knickpoints Related to Glacial Residual Morphologies
The Stura valley, as the other catchments draining the Italian side of the Maritime Alps, was ice-covered during the last glacial period [52, 54, 55] . Numerous landforms such as valley steps and hanging valleys clearly testify the major imprint of glacial erosion on the present-day morphology (Figure 11 ). 
The Stura valley, as the other catchments draining the Italian side of the Maritime Alps, was icecovered during the last glacial period [52, 54, 55] . Numerous landforms such as valley steps and hanging valleys clearly testify the major imprint of glacial erosion on the present-day morphology (Figure 11 ). The Stura valley cross-profile shows an accentuated U-shape, typical of a glacial valley, while the two steep sides of the valley indicate the different levels of glacial scarps. Although they are discontinuous and in part badly developed, they can be used as a level for glacier high stand. As the glaciers retreated, many tributary valleys of the Stura di Demonte river formed hanging valleys close to the main river trunk, where glacial erosion was focused. After deglaciation, the base-level of the main valley was well below the level of the Stura di Demonte tributaries. This morphology is still evident in the tributaries in the medium and high parts of the valley where glacial erosion was stronger.
Several tributaries of the Stura di Demonte river still reflect these relict glacial steps near their confluence with the trunk stream. The tributary valleys often show the existence of gorges close to the confluence with the main river, where erosion is enhanced by fluvial processes readjusting the longitudinal profiles. Indeed, recent studies have pointed out that river segments readjusting to glacial overprints have a strong increase in erosion rates [78] [79] [80] . The longitudinal profiles of these tributaries are all convex in their downstream segments and have knickpoints formed as steep reaches that connect the tributary valleys to the main trunk ( Figure 12 ). The Stura valley cross-profile shows an accentuated U-shape, typical of a glacial valley, while the two steep sides of the valley indicate the different levels of glacial scarps. Although they are discontinuous and in part badly developed, they can be used as a level for glacier high stand. As the glaciers retreated, many tributary valleys of the Stura di Demonte river formed hanging valleys close to the main river trunk, where glacial erosion was focused. After deglaciation, the base-level of the main valley was well below the level of the Stura di Demonte tributaries. This morphology is still evident in the tributaries in the medium and high parts of the valley where glacial erosion was stronger.
Several tributaries of the Stura di Demonte river still reflect these relict glacial steps near their confluence with the trunk stream. The tributary valleys often show the existence of gorges close to the confluence with the main river, where erosion is enhanced by fluvial processes readjusting the longitudinal profiles. Indeed, recent studies have pointed out that river segments readjusting to glacial overprints have a strong increase in erosion rates [78] [79] [80] . The longitudinal profiles of these tributaries are all convex in their downstream segments and have knickpoints formed as steep reaches that connect the tributary valleys to the main trunk ( Figure 12 ). 
X-Analysis
Distributions of knickpoints in X-space are multimodal ( Figure 13 ) thus suggesting that a common causative process of most knickpoints is unlikely. However, peaks in the distributions of knickpoints attributed to glacial landforms and fluvial terraces are quite pronounced and found at low X-values thus close to the main trunk river. The several minor peaks distribution is an expected pattern for knickpoints related to lithological changes and faults. 
Distributions of knickpoints in X-space are multimodal ( Figure 13 ) thus suggesting that a common causative process of most knickpoints is unlikely. However, peaks in the distributions of knickpoints attributed to glacial landforms and fluvial terraces are quite pronounced and found at low X-values thus close to the main trunk river. The several minor peaks distribution is an expected pattern for knickpoints related to lithological changes and faults.
Interestingly, the distribution of the knickpoints not-defined in origin (nn in Figure 13 ) shows two peaks, opening to the possibility that at least one could be related to a common base-level fall. Interestingly, the distribution of the knickpoints not-defined in origin (nn in Figure 13 ) shows two peaks, opening to the possibility that at least one could be related to a common base-level fall. 
Discussion and Conclusions
The Stura valley shows a complex drainage system that has been influenced by numerous factors during its evolution. A variety of knickpoints are present both in the trunk stream and in its tributaries.
Different local controls act in the basin affecting the fluvial evolution. We grouped the identified knickpoints in categories on the basis of the sole or prevalent process responsible for their origin.
Several knickpoints are in correspondence of the main faults and fault zones that cross the Massif, suggesting a relation between tectonic activity and drainage evolution. However, the resulting knickpoints can be enhanced by the glacial erosion of weak fault rocks. Lithology is considered one of the most important factors affecting the longitudinal profiles of the streams, especially in the sedimentary cover where many different lithotypes are present. Rock types less prone to weathering (limestone or quarzites) in the Stura valley led to perturbed gradients of the streams crossing these units.
We cannot ignore the geomorphological or geological events occurring in the surrounding areas that can affect the evolution of the drainage network of the studied basin. The Tanaro river capture taking place in the Piedmont basin during the Pleistocene affected the evolution of the drainage network in the alpine part of the Stura valley. The Stura river, being the main tributary of the Tanaro, should have been indirectly affected by these geological events that led to a general reorganization of the entire south-west Piedmont drainage network. We believe that some of the knickpoints observed in the tributaries flowing in the lower Stura valley may be linked with the Tanaro deviation, which caused a drop in the base-level recorded on the main valley by the development of several levels of fluvial terraces.
We also observed other river profile irregularities in correspondence of important glacial landforms.
LGM glaciation had, indeed, a key role in modeling the morphology of the Stura basin, and we can still observe certain valleys still hanging on the main alluvial plain. 
LGM glaciation had, indeed, a key role in modeling the morphology of the Stura basin, and we can still observe certain valleys still hanging on the main alluvial plain.
Some of the identified knickpoints could not be categorized in the above-mentioned groups. More than one single factor may have played a role in the origin of these knickpoints, while other ones could be related to factors that have not been considered herein, for example tributary effects, mass movements, or fluvial captures occurring within the Stura di Demonte basin.
Although the limited number of knickpoints calls for caution in interpretation, a multimodal distribution of knickpoints in the X-space (X-(X)-analysis) confirms that a common causative process is unlikely.
While some authors have explored the relation between knickpoints and some specific factors such as lithology or tectonics, in this work we highlighted the ways in which we can find a variety of genetically different knickpoints, even in a relatively small basin. Drainage networks are frequently very complex environments and their evolution can be influenced by several independent or inter-related factors. In this respect, the Stura valley has resulted in being a suitable environment for studying the sensibility of longitudinal profiles of streams to perturbing factors. We identified several situations where a single local factor has controlled, more than others, the evolution of fluvial reaches. This methodology, based on the identification of knickpoints and on the comparison of their location with geological and geomorphological parameters, entails a wide knowledge of the study area and of its recent evolutionary history.
The identification and analysis of the Stura valley knickpoints allowed the recognition of both regional scale phenomena such as recent tectonic activities or climatic changes as well as local controls such as lithology or fluvial captures.
Although the knickpoints in some environments might be the signal of a general incision pulse as stated by Crosby and Whipple [13] , the effect of different local controls should not be overlooked, especially in the investigation of basins with multifarious processes affecting their evolution. As recently stated by Phillips et al. [16] for the Big South Fork River basin (USA), this analysis confirms that, although knickpoints can provide important information on incision signals affecting the networks-especially for large scale analysis-local controls can play an important role in their genesis and development, and should be taken into account in the study of fluvially dissected landscapes. 
